Abstract. Phosphatidylinositol 3-kinase (PI3K)/AKT signaling pathway plays pivotal roles in fundamental cellular functions including cell proliferation and cell survival. Its deregulation has been implicated in many types of human malignancies. We investigated the role of PI3K/AKT signaling pathway in human malignant pleural mesothelioma (MM). Here, we report that aberrant activation of the PI3K/AKT signaling pathway is associated with cell cycle progression in MM cells. Inhibition of the PI3K activity by its small molecule inhibitor LY294002 led to significant G1 cell cycle arrest and suppression of cell proliferation in all MM cell lines that we examined. In addition, we found that the protein level of p27
Introduction
Malignant pleural mesothelioma (MM) is an asbestos-associated malignancy characterized by rapidly progressive and diffuse growth, late metastases, and very poor prognosis (1, 2) . Approximately 3000 patients are diagnosed each year in the United States, and the number of incidents is expected to steadily rise and peak around the year 2020 (3, 4) . Unfortunately, the disease is of rapid progression and most patients die within 12-15 months of the first symptoms if untreated (1, 5) . However, the results of standard therapies (surgery, chemotherapy, and radiation) remain dismal. The need to find effective new therapies based on improved understanding of the molecular mechanism of MM remain urgent.
MM shows frequent genetic inactivation of tumor suppressor genes of p16(INK4a)/p14(ARF) and neurofibromatosis type 2 (NF2), and epigenetic inactivation of RASSF1A (6) . One case of phosphatase and tensin homologue deleted on chromosome Ten (PTEN) homozygous deletion has been reported in one MM cell line (7) . However, no frequent mutations of oncogenes such as K-RAS and PIK3CA have been identified (6) . Activation of multiple receptor tyrosine kinases including the epidermal growth factor receptor (EGFR) family and MET, and subsequent deregulations of mitogen-activated protein kinase (MAPK) and phosphatidylinositol-3-kinase (PI3K)-AKT signaling cascades are frequently observed in most MM cells (6) . For example, it has been analyzed that tyrosine kinase inhibitors significantly inhibited epidermal growth factordependent cell signaling including phosphorylation of AKT in MM cell lines (8, 9) . Furthermore, microarray analysis of MM recently revealed alterations in components of the insulin-like growth factor system, which are associated with the malignant phenotypes (10) . PI3K/AKT pathway presents an appealing cancer therapeutic target, as it participates in many fundamental cellular processes including cell survival, cell cycle progression, glucose metabolism, genome stability and angiogenesis (11) . Emerging evidence suggests that aberrant PI3K/AKT signaling is one of the most common molecular alterations in human malignancies (11) . AKT is the center of a signaling cascade consisting of many components implicated in tumorigenesis, including upstream tyrosine receptor kinases, PI3K, PTEN, NF1 and LKB1, and down-stream tuberous sclerosis complex 2 (TSC2), Forkhead box class O (FOXO) and eukaryotic initiation factor 4E (eIF4E) (11) . Altogether, evidence supports that the PI3K/AKT signaling pathway is dysregulated in MM ONCOLOGY REPORTS 24: 1677 -1681 , 2010 Inhibition of activated phosphatidylinositol 3-kinase/AKT pathway in malignant pleural mesothelioma leads to G1 cell cycle arrest and inhibition of the PI3K activity and/or this signaling pathway may have a therapeutic role in the treatment of MM (7, 12) . Disruption of cell cycle checkpoints is frequent in human malignancies, and is often due to deregulation of cyclindependent kinase inhibitors (CKIs). Ink4 family CKIs are lost through deletion, point mutation, and/or promoter methylation. Differently, the Cip/Kip family CKI p27 Kip1 is regulated through protein degradation and cytoplasmic sequestration (13) , and its inactivation is fundamental for the tumor development of many types of cancer. Loss of p27
Kip1 expression and its cytoplasmic mislocalization are markers for poor prognosis in multiple types of human cancers including malignant mesothelioma (14) (15) (16) (17) .
PI3K/Akt pathway exerts multiple roles in cell cycle progression through regulating key cell cycle regulators including p27, p21 and cyclin D (18) . In this study, we investigated the cell cycle progression after inhibition of the PI3K/AKT signaling in human malignant mesothelioma cells.
Materials and methods
Cell lines and tissue samples. Human mesothelioma cell lines were obtained from the following sources: H2052, H28 and 211H from American Type Culture Collection (Manassas, VA), MS-1 from NIH (Frederick, MD), and REN through a generous gift from Dr Steven Albelda (University of Pennsylvania, PA). All cell lines were cultured in RPMI-1640 supplemented with 10% fetal bovine serum at 37˚C in a humidified incubator with 5% CO 2 . Fresh MM tissue samples obtained directly from surgical resection were immediately snap-frozen in liquid nitrogen. They were preserved at -170˚C in a liquid nitrogen before use. Patients consented to tissue specimen collection prospectively, and the study was approved by the University of California, San Francisco Institutional Review Board (CHR# H8714-17773-10).
Inhibitor. PI3K inhibitor LY294002 was purchased from Cell Signaling Technology (Beverly, MA). Stock solution was prepared in 100% DMSO and stored at -20˚C. The drug was diluted in fresh media before each experiment.
Cell cycle analysis. Cells were plated on 6-well plates, incubated for 24 h, and then treated with DMSO, or LY294002. For flow cytometry, cells were trypsinized and fixed in 70% ethanol at -20˚C, washed and stained with 30 μg/ml propidium iodide (Sigma, St. Louis, MO), and then incubated with 10 μg/ml RNase (Roche, Indianapolis, IN) for 1 h at room temperature. Cells were evaluated on a FACScan machine (Becton-Dickinson, Franklin Lake, NJ) and the data analyzed with the ModFit LT 3.1 Mac software for modeling cell cycle distribution. Experiments were performed in triplicate, and data was expressed as mean ± SD.
Cell proliferation assay. Cell proliferation assays were performed using the CellTiter 96 AQueous One Solution Cell Proliferation Assay (Promega, Madison, WI) according to the manufacturer's protocol. Cells were plated at 1000 cells/well in 100 μl of media in 96-well plates. After 24 h, the cells were treated with LY294002 and incubated for 48 h. Methanethoiosulfonate/phenazine methosulfate solution (20 μl/well) was added and incubated for 2 h at 37˚C in a humid incubator with 5% CO 2 . Absorbance was read at 490 nm using a microplate reader. Cell viability was calculated according to the following formula. Cell viability = OD490 (DMSO or LY294002 treated cells)/OD490 (non-treated cells).
Western blotting. Whole cell lysates of MM cell lines and primary tissue cultures were obtained using CytoBuster Protein Extraction Reagent (Novagen, Madison, WI). Protein samples were separated on 4-15% gradient SDS-polyacrylamide gels and transferred to Immobilion-P (Millipore, Bedford, MA) membranes. Antigen-antibody complexes were detected by the ECL blotting analysis system (Amersham Pharmacia Biotech, Piscataway, NJ). Primary antibodies used include: phosphorylated AKT (Cell Signaling Technology), AKT and Cyclin D1 (Santa Cruz Biotechnology, Santa Cruz, CA), p27 and ß-actin (Sigma).
Statistical analysis. The data are presented as mean values ± SD. Statistical comparisons were made with a two-sided Student's t-test. A p-value of <0.05 was considered to be statistically significant.
Results

Confirmation of the PI3K/AKT activation in MM cell lines and primary tissue samples.
To investigate whether the PI3K/AKT signaling pathway is activated in MM, we first examined the level of the activated serine 476-phosphorylated AKT (p-AKT) protein in 5 MM cell lines (MS-1, REN, 211H, H28, and H2052). These cell lines were grown in serum free medium for 24 h and were treated with 10% fetal bovine serum (FBS) for 10 min. The expression level of phosphorylated AKT protein was compared before and after FBS treatment. We found that level of phosphorylated AKT protein was up-regulated following serum treatment compared to serum free treated cells in all MM cell lines (Fig. 1A) . Next, we performed Western blot analysis using fresh primary MM tissue samples obtained with consent from patients undergoing resection, to examine the existence of the phosphorylated AKT. Among the 20 fresh MM tissue samples that we examined, 95% (19/20) showed expression of phosphorylated AKT protein (Fig. 1B) . These results confirm that the PI3K/AKT signaling pathway is active in human MM.
Inhibition of PI3K led to G1 cell cycle arrest in MM cells.
Although the PI3K/AKT signaling pathway has been observed to play an important role in human cancer cells (19) (20) (21) , its role in cell cycle controlling in human mesothelioma is still not well understood. We examined the role of PI3K/AKT signaling pathway in cell cycle controlling in MM using the PI3K inhibitor, LY294002. To determine the optimal concentration of LY294002 to inhibit the phosphorylation of AKT in MM cell lines, 211H cell line was treated with varying concentrations of LY294002 for 1 h and its effect on phosphorylated AKT protein level was assayed. Phosphorylated AKT protein was dramatically down-regulated at varying concentrations between 5-40 μM in LY294002 treated cells (Fig. 2A) . The same result was also observed in other 4 MM cell lines (data not shown). Next, we treated all five MM cell lines with 20 μM LY294002 for 24 h and performed cell cycle analysis by using FACS. Significant G1 cell cycle arrest was observed in LY294002 treated cells compared to DMSO treated cells in all MM cell lines (Fig. 2B) . Consistently, MTT assays after treatment with a concentration of 20 μM LY294002 for 72 h showed significant inhibition of cell proliferation in LY294002 treated cells compared to DMSO treated cells in all MM cell lines (Fig. 3) . Taken together, our results suggest that cell proliferation suppression by inhibition of the PI3K/AKT signaling pathway is strongly associated with G1 cell cycle arrest in human MM.
PI3K/AKT signaling drives cell cycle progression through regulating the stability and activity of the cyclin-dependentkinase (CDK) inhibitor such as p27 Kip1 and cyclin D1 (18, 20) . To examine the effect of PI3K inhibition of key regulators of cell cycle progression, we treated the MM cells with 20 μM LY294002 for 24 h, which significantly inhibited AKT phosphorylation in the MM cells, and steady state level of p27 and cyclin D1 level was evaluated by Western blot analysis (Fig. 4 , results in the other three cell lines were the same as those shown in H28 and MS-1). Remarkably, p27 Kip1 protein level was significantly up-regulated after LY294002 treatment in MM cell lines. Furthermore, protein level of cyclin D1 was significantly down-regulated in LY294002 treated cell lines. Therefore, our data suggest that in MM the PI3K/AKT signaling pathway may regulate cell cycle through key regulators such as cyclin D1 and p27 Kip1 . 
Discussion
The PI3K/AKT signaling pathway is frequently deregulated in many types of human malignancies and plays a major role in both tumorigenesis and response to chemotherapy (22) . A better understanding of the status of the PI3K/AKT signaling pathway in malignant mesothelioma may improve therapeutic intervention and prognosis in refractory MM. In this study, we confirmed that the PI3K/AKT signaling pathway was hyperactive in human MM, and demonstrated that inhibition of PI3K signaling induced significant G1 cell cycle arrest and up-regulated CDK inhibitors p27 and down-regulated cyclin D1. The data strongly support that the PI3K/AKT signaling pathway regulates cell cycle progression and cell proliferation in malignant mesothelioma. Our data indicating elevated activity of AKT as shown by the phosphorylated (Ser 476) form of AKT in primary mesothelioma samples, are consistent with a previous report on PI3K/AKT signaling hyperactivity in human and mouse mesothelioma (7) . More importantly, our data that inhibition of PI3K activity with its specific inhibitor LY294002 for 24 h significantly induced cell cycle arrest at G1/S boundary strongly support that PI3K/AKT pathway is essential for regulating cell cycle progression in human mesothelioma. We did not observe significant apoptosis induction in the mesothelioma cell lines that we examined after treating with LY294002 for up to 24 h. However, prolonged treatment with LY294002 for up to 72 h resulted in significantly lower viability in these cells, consistent with the previous report that prolonged treatment (up to 48 h) of LY294002 induced apoptotic cell death in mesothelioma cells (7) . Taken together, our results suggest that prolonged inhibition of the PI3K/AKT pathway may shut down cell survival network, while short-term inhibition of PI3K/AKT signaling suppresses cell cycle progression.
Burgeoning literature has linked the PI3K/AKT path-way to regulation of the main cell cycle machinery (18) (19) (20) . Activated AKT triggers a network that positively drives G1/S cell cycle progression through inactivation of GSK-3ß, leading to increased cyclin D1 (23) . Consistently, we observed decreased cyclin D1 protein following inhibition of PI3K activity in MM cells. Activated PI3K/AKT pathway can lead to reduction of p27 Kip1 protein level via increased p27 proteolysis through its ubiquitin ligase Skp2 (18, (24) (25) (26) . Consistently, we showed remarkable increase of p27 protein level following inhibition of the PI3K activity in MM cells. As cyclin D1 is a proto-oncogene that promotes Cdk4 and Cdk6 activity in order to drive cell cycle progression through G1/S, and p27 suppresses cyclin D-Ckd4 and cyclin E-Cdk2 activity, the reduction of cyclin D1 and increase of p27 correlate with the G1 arrest following PI3K inhibition in MM cells. Taken together, these results demonstrate that PI3K/AKT signaling pathway plays a critical role in driving cell cycle progression via modulating key regulators of cell cycle machinery.
In summary, we confirmed that the PI3K/AKT signaling pathway is frequently activated in human MM cell lines and tissue samples. We also showed that the specific PI3K inhibitor, LY294002, led to G1 cell cycle arrest and suppression of cell growth in human MM cell lines. Our findings shed light on an unappreciated role of the PI3K/AKT pathway in regulating cell cycle progression in human mesothelioma, and support this pathway as a therapeutic target for this highly aggressive and inexorably cancer.
